Multi-walled carbon nanotubes (MWCNTs) were grown by plasma-enhanced chemical vapor deposition (PECVD) in a bell jar reactor. A mixture of methane and hydrogen (CH4/H2) was decomposed over Ni catalyst previously deposited on Si-wafer by thermionic vacuum arc (TVA) technology. The growth parameters were optimized to obtain dense arrays of nanotubes and were found to be: hydrogen flow rate of 90 sccm; methane flow rate of 10 sccm; oxygen flow rate of 1 sccm; substrate temperature of 1123 K; total pressure of 10 mbar and microwave power of 342 Watt. Results are summarized and significant main factors and their interactions were identified. In addition a computational study of nanotubes growth rate was conducted using a gas phase reaction mechanism and surface nanotube formation model. Simulations were performed to determine the gas phase fields for temperature and species concentration as well as the surface-species coverage and carbon nanotubes growth rate. A kinetic mechanism which consists of 13 gas species, 43 gas reactions and 17 surface reactions has been used in the commercial computational fluid dynamics (CFD) software ANSYS Fluent. A comparison of simulated and experimental growth rate is presented in this paper. Simulation results agreed favorably with experimental data.
Introduction
Since their discovery by Iijima in 1991 [1] , carbon nanotubes have generated much interest due to their quasi one-dimensional structure and their unique combinations of electronic, field emission, mechanical and chemical properties coupled with the new ability to grow them aligned on a substrate. This opened unlimited possibilities of applications such as field emitters, sensors, high-density energy storage devices, photonic crystals, active media for lasers, non-linear optical media etc... To grow vertically-aligned nanotubes, chemical vapor deposition (CVD) has emerged as a key technique. Indeed, contrarily to the arc, laser and HiPCO processes where the nanotubes are produced separately, purified and then manipulated for producing devices [2] , CVD allows spatially controlled and highly functional components in (2D) and (3D) architecture opening the way to produce selfassembly devices with higher packing density and performances [3] . In addition, CVD offers low-temperature and large-scale production possibilities. In CVD systems, a thin catalyst layer is first deposited on silicon wafer by a separate physical vapor deposition PVD technique. When heated, the continuous catalyst layer disaggregates and forms small particles, with size controlled by the layer thickness in the range of 1 to 10 nm [4] . Then, the growth of nanotubes occurs through catalytic decomposition of a carbon gas source over the catalyst. The nanotube characteristics such as diameter, density, Single-walled SWNT versus Multi-walled MWNT depend on the size of these particles but also on the gas feedstock activation technique. Two distinct activation routes emerged, 1) thermally via an oven or hot-filament heating and 2) plasma enhanced chemical vapor deposition (PECVD) via DC, RF or microwave discharges. Plasma activation has the advantage to prevent thermal damage to the substrate allowing lower operating temperatures and better nanotubes vertical positioning due to the presence of an electric field normal to the substrate [5] .
In the present work, we used thermionic vacuum arc (TVA) technology to produce uniform nickel layers of ~1 nm thickness. Then, a mixture of methane, hydrogen and oxygen (CH 4 /H 2 /O 2 ) was used to produce carbon nanotubes. Indeed, the addition of a controlled amount of a weak oxidizer as oxygen or water into the growth ambient of CVD was reported to significantly enhance the activity and lifetime of the catalyst resulting in efficient nanotubes growth [6] [7] .
Experimental
Nickel films deposited on silicon substrates were prepared using thermionic vacuum arc (TVA) technology developed at NILPRP Bucharest [8] - [11] . The coating device consists of a tungsten filament surrounded by an electron focusing Wehnelt cylinder heated by an external high current source as cathode and an anode made of nickel. For ignition and maintaining the TVA arc two circuits are necessary: 1) for the heating of the cathode filament, where a relatively low voltage source (0 -24 V) provides a 10 -150 A current and 2) for the running up of the arc discharge, being used for this an adjustable source of high voltage (0 -4 kV) and a current up to 3 A. The electrons coming from the cathode heats up and evaporates the anode and pure Ni plasma is ignited by applying a high dc voltage on the anode as illustrated in Figure 1(a) . The deposition chamber of Figure 1 (b) has been under a residual pressure of 3 × 10 −6 torr before the beginning of the coatings. For plasma ignition, the TVA gun filament has been heated with a 60 A current and at an alternative voltage of 20 V. The continuous voltage has been applied on the anode with an increasing rate of approximately 1000 V/min, being followed by the focusing process of the electron beam by the Wehnelt cylinder on the anode crucible. When the powder in the crucible has melt, the applied voltage was adjusted in order to ensure the ignition of the discharge in the Ni Figure 1(c) , is obtained and the film thickness measured during all the duration of the deposition process with a quartz balance equipment. The deposition has been interrupted when the thickness of 1 nm is reached. At this step, the anode voltage and the applied current to the TVA gun filament have been reduced to zero and the sample kept in the deposition chamber, under high vacuum for about 120 minutes to slowly cool down. Finally, Ni/Si substrates with ~1 nm nickel thickness were obtained in 18 -20 s, due to a fine control of the deposition rate of ~0.05 nm/s.
For nanotube growth, we used a 10 cm diameter silica bell jar low pressure reactor activated by a microwave electric field (Figure 2 ) and developed originally to CVD diamond growth [12] [13] . The input gases (CH 4 /H 2 /O 2 ) with mass flow rates controlled electronically were injected in the reactor and exit via the reactor pumping system. The Ni/Si substrate is held in a resistance boat made in molybdenum and electrically heated to a temperature ranging from 973 to 1123 K. During all the experiment, substrate temperature was monitored by an optical pyrometer. The reactor utilizes 1.2 kW SAIREM microwave generator operating at 2.45 Ghz. The electromagnetic waves are generated, guided in a rectangular wave guide and applied inside the cavity delimited by Faraday cage (Figure 2(a) ). The short-circuit piston at the end of the wave guide helped to create stationary waves and to situate the maximum of the electric field near the substrate. Input power was varied with the pressure simultaneously in order to hold plasma volume constant (Figure 2(b) ). Efficient operation is assumed with good microwave coupling, and minimal radial diffusion to the quartz enclosure thereby leading to greater discharge stability and better plasma uniformity. As shown in Figure 2 (b), a quasi hemispherical active plasma zone of radius of 2.5 cm is created near the substrate. The function of this zone is to produce the charged and radical species that diffuse to the catalyst particle and contribute to nanotube growth. For microwave PECVD nanotube synthesis we developed an experimental protocol composed by three steps: 1) thermal annealing of Ni/Si substrates, 2) hydrogenation of Ni catalyst, 3) nanotube growth.
For this protocol, the essential parameters were optimized using Taguchi design method of Table 1 , with 3 factors and 2 levels. These parameters are namely, substrate temperature, hydrogen flow rate, and total pressure. This last parameter was coupled with the total input microwave power to hold the plasma volume constant. For all the 8 experiments, the silicon substrate covered by 1 nm thick nickel was first annealed in vacuum at specified temperature, then nickel catalyst particles was reduced using hydrogen plasma for 10 minutes. Finally, 10 sccm of methane were introduced to grow nanotubes during 20 minutes. After removing samples from the reactor, they were analyzed by scanning electron microscopy SEM LEO 440. In addition, surface morphology of the substrates, before and after thermal annealing was examined by atomic force microscopy AFM D3100, Nanoscope NS3.
Modeling Approach
A two-dimensional simulation of the PECVD process was performed in order to compare the theoretical prediction and the experimental measurements. Computational fluid dynamics (CFD) modeling evaluations were made for the temperature and species concentrations profiles as well as for the carbon nanotube growth rate in the reactor. Simulations were performed by using the commercial software ANSYS Fluent version 12.
Geometry and Assumptions
The 2D computational domain shown in Figure 3 includes the PECVD reactor quartz enclosure, containing the substrate holder and the plasma zone. From experimental observations, plasmas are most intense along with the top edge of the substrate holder. The microwave plasma volume used in the present simulations was estimated from visual observations under experimental growth conditions in the reactor. The geometry was created using ANSYS Design Modeler and the mesh is generated using ANSYS Meshing application. The chosen dimensions of the reactor refer to the experimental setup. The grid is composed of an unstructured triangular mesh. Because of the strong temperature and concentrations gradients near the substrate where the CNT are grown, a condensed quadrilateral mesh refinement was applied on this region. After numerous checks for grid sensitivity and mesh constraints, the total number of elements is 4583, the final grid has 2487 nodes with a grid skewness maximum of 0.78. To understand the effect of the macroscopic process parameters on carbon nanotubes growth rate, a 2D model has been developed based on the following assumptions:  The plasma is in Local Thermodynamic Equilibrium (LTE). This assumption allows us to define a unique temperature of all plasma species in localized areas in the plasma;  Laminar flow: it is characterized by relatively low values of the Reynolds number caused by small inlet flow rate;  The plasma is modeled using a steady state time formulation;  Axisymmetric physical domain;  The radiative losses are neglected;  Only neutral species are involved in the gas-phase and surface chemistry. 
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These assumptions lead to the following limitations: The existence of only neutral species affects the accuracy of the calculated concentrations of considered species. We expect the influence of the charged species on carbon nanotubes growth rate to be minor because their molar fraction is not great. The major species formed in the plasma are H, H 2 , CH 4 , CH 3 , C 2 H 2 , and C 2 H 4 and the gas phase chemistry in the plasma is dominated by the neutral species [14] . Furthermore, assuming LTE reduces the complexity of the mixture considerably.
Gas-Phase Chemistry
In the methane/hydrogen plasma, different species are created due to chemical reactions. The considered gasphase chemistry involves 13 neutral species and consists of 43 reactions leading to the conversion of CH 4 . This reaction set is given in Table 2 . The gas phase chemistry model describes homogeneous reactions that influence the species concentration distribution near the deposition surface through the production/destruction of chemical species in the gas phase. Each reaction is assumed to be reversible. The temperature dependence of the forward rate constants is usually described through a modified Arrhenius type of expression.
Surface Chemistry
The surface chemistry model used in the present study describes the reactions and other processes that take place at the substrate surface, involving both gaseous species impinging on the surface, adsorbed molecules, atoms and free sites. These surface processes lead to the growth of solid carbon nanotubes. Actually, surface reactions in the PECVD process are not fully understood. The proposed surface reaction mechanism consists of 18 heterogeneous reactions involving vacant surface sites S Ni on a nickel catalyst particle, 7 surface species (CH 4 (s), CH 3 (s), C 1 H 2 (s), CH(s), C(s), H(s), CNT) and 5 gaseous species (C 2 H 2 , CH 4 , CH 3 , H 2 , H). These reactions include surface site adsorption/desorption, hydrogen abstraction/addition, and carbon diffusion toward a carbon nanotube growth edge ( Table 3) .
The rate of deposition is governed by both chemical kinetics and the diffusion rate from gas to the surface. The reactions create sources of chemical species in the bulk phase and determine the rate of deposition of surface species.
Following the above considerations, the growth of MWNT on the substrate is expected to occur as follows. The plasma generates vapors and provides carbon contamination to the nickel particles. These particles having suitable temperature and size will be the sites of CNT growth.
The surface structure is associated with a surface site density Γ (given in mol•cm −2 ) required to evaluate the surface growth rate of MWNT. Since experimental determination of site density is difficult, we used the value for the reconstructed diamond (100) surface Γ = 2.61 × 10 −9 as an upper limit. In the specific case of nanotube growth in PECVD reactor, the surface site density is certainly much lower than this value. It could be estimated from the substrate density of catalytic nickel particles and the concentration of the surface sites occupied by C atoms on each nanoparticle.
Initial and Boundary Conditions
The temperature at the outer boundary walls and the substrate holder except for the substrate surface was fixed to 400 K. The temperature of the substrate surface was much higher, at 1123 K.
The inlet conditions of the simulations were derived from the experimental conditions i.e., volume %: 10% CH 4 and 90% H 2 . The gas mixture was initialized to a uniform temperature of 298 K. The gas velocity was specified as a uniform inflow condition with vertical upward velocity of 0.1326 m/s at a temperature of 298 K. The initial inlet mole fractions for all species were calculated using a thermochemical model based on Chemkin software in 0D [31] . The gas outlet was specified as a pressure outlet. The initial pressure inside the reactor was fixed at 10 mbar.
Computational Procedure
2D reactor simulation including coupled momentum, heat and species transfer was performed by using the CFD code ANSYS Fluent. It utilizes the finite volume method to solve the governing equations, i.e., conservation of total mass, momentum, and energy, and the individual species conservation equations. The reactive flow is modeled using the 2D axisymmetric laminar finite-rate model, including the above-mentioned volumetric and surface reactions. The Simple method for pressure-velocity coupling and the second order upwind scheme to interpolate the variables on the surface of the control volume were selected. The model requires knowledge of the thermo-chemical and transport properties of the gases in the reactor chamber. Thermo-chemical properties of the gas species as a function of temperature have been taken from CHEMKIN thermodynamic database [32] - [33] . Temperature and species dependence was imposed in calculations of thermodynamic and transport properties. The required Lennard-Jones parameters for many CVD gases can be found in e.g. Ref. [34] . Viscosity of the individual species was calculated by using kinetic theory.
The mixture viscosity was calculated using ideal gas mixing law. Thermal conductivity for individual species was calculated using kinetic theory. Specific heat capacity of individual species was calculated using piecewise-polynomial approximation.
To account for the plasma heating from the microwave power, a constant volumetric heat source, applied in the plasma zone, was included in the governing energy equation. It was calculated from the input plasma power and the estimated plasma volume. For input plasma power of 342.8 W, the calculated power density was 0.634 × 10 7 W/m 3 . The heat source using CH 4 and H 2 as a medium creates plasma field with a temperature over 2000 K. The solution was initialized from the inlet. It was monitored approximately up to 20,000 iterations with residual convergence fixed between 1 × 10 −3 and 1 × 10
. The calculated rate of production s CR expressed in moles/cm 2 /s is converted to linear nanotube growth rate G in m/s by using nanotube bulk mass density ρ CNT = 2.20 g/cm 3 and molecular weight M CNT = 12.01 g/mol using the equation:
Results and Discussion
Experimental Results
Atomic force microscopy (AFM) of the as produced by TVA Ni/Si substrates and annealed at 850˚C during 20 minutes then hydrogenated with pure hydrogen plasma during 10 minutes was carried out to determine the surface morphology. Figure 4 shows AFM images of the substrate before (a and b) and after (c and d) annealing. The change in the root mean square roughness RMS was from 1.864 nm before annealing to 3.485 nm after annealing. This higher rough surface clearly indicates an agglomeration of individual nickel clusters. After thermal annealing of Ni/Si substrates at the consigned temperature during 20 minutes, we followed the same experimental protocol for all the 8 experiments of Table 1 .
First, substrates are treated with pure hydrogen plasma during 10 minutes then 10 sccm of methane was added into the mixture for 20 minutes. Scanning Electron Microscope indicates that no or few nanotubes were found for samples at 700˚C E1, E3, E5 and E5 suggesting that 700˚C is the lower growth temperature. Long spiral or helical nanotubes were observed for sample E2 and shorter nanotubes at different densities were found in samples E4, E6 and E8. Since carbon diffusion in bulk Ni is characterized by a large energy, namely, activation energy of 1.4 eV (33 kcal/mole) [35] , we can estimate the diffusion coefficient of carbon in nickel using the following equation at lower and upper temperatures. To explain the role of the combined parameter on growth, we calculated the plasma kinetics using a thermochemical model based on Chemkin software in 0D [36] . This model actually includes 119 species in C/H system with atoms and molecules including Polycyclic aromatic hydrocarbons (PAHs), ions and electrons and 336 chemical reactions [13] [37] . Figure 5 , shows the calculated hydrogen atom mole fraction in the plasma for the different conditions of Table 1 . It clearly indicates that hydrogen atoms excess is not suitable for nanotube growth in microwave plasma systems.
In extreme case E3, SEM pictures revealed a strong etching of the substrate. Based on these observations, the best combination of parameters are those of experiment E2 which will be retained to explore the effect of oxygen. It was reported by several workers that addition of a controlled amount of oxygen or water ranging from 500 ppm to 2%, significantly enhances nanotubes growth.
Since the lower limit of our oxygen mass flow rate is 1 sccm, we increased the H 2 flow rate of experiment E2 from 10 to 90 sccm in order to avoid the limit of explosion of the hydrogen/oxygen mixture. The conditions of this experiment called OPTI are summarized in Table 4 .
In Figure 6 are showed the Scanning Electron Microscope images of sample OPTI. All the silicon surface is regularly covered by multiwalled carbon nanotubes of about 40 nm outer diameter and 1 µm long. Each nanotube is terminated by a catalyst particle on its top suggesting a top-growth mechanism.
In Figure 7 , we can see the limit between the nickel covered and intentionally non covered witness area during the PVD step. Results demonstrate that the combination of TVA and PECVD is a powerful tool to uniform cover a large surface area with nanotubes. 
Modeling Results
A two dimensional steady-state reactor simulations performed by CFD code ANSYS Fluent 12 provided information about the temperature and species distribution in the reactor otherwise difficult to characterize. The simulations conditions are summarized in Table 5 .
As first results we present the simulated temperature contours inside the reactor (Figure 8(a) ). The maximal temperature in the center of the plasma at a distance of ~17 mm to the substrate is 2163 K. Such temperatures are expected to yield a complete dissociation of the carbon precursor and the availability of atomic carbon. Thermal balance of plasma heating and substrate cooling determines the substrate temperature. Hence, there is a steep temperature gradient between the substrate and the region where temperature is highest as shown in the 1D profile along the centerline of the reactor (Figure 8(b) ). Also, temperature near the substrate is within the range for the appropriate MWCNT-synthesis temperature condition (950 -1150 K). Thus, the experimentally observed, stably CNT-synthesizing conditions correspond to the appropriate conditions to produce MWCNTs, in terms of both supplied carbon concentrations and temperature.
The gas temperature decreases when the gas reaches around the quartz walls and the gas goes down. The inlet gas is introduced in the reactor from the top side of the quartz enclosure. It splits into two components: one flows to the outlet and other flows to the substrate. Figure 9 shows the gas flow around the substrate. The flow and trajectories of gas species are visualized by using path lines. The length of arrows corresponds to the gas flow velocity. On the top surface of the substrate, gas flows from the center to the substrate edges. The gas stagnates and the magnitude of flow is relatively smaller than other regions. The presence of vortices in the region above the substrate is suspected to increase the mass flux of carbon species from the plasma zone to the cold substrate region, and to enhance the nanotube growth.
The simulated species profiles presented in Figure 10 show that C 2 H 2 , CH 3 and CH 4 are important species that may significantly contribute to carbon nanotubes growth. There is a region of uniform C 2 H 2 , CH 3 and CH 4 distribution where CNTs were synthesized for the experiments, showing a relatively broader region close to the substrate surface. Other species such as atomic carbon and hydrogen have also a rather important contribution. Finally, simulation shows that large amounts of H 2 are produced in the gas phase, but H 2 production arises also from the surface desorption (Figure 11) .
First simulation results were obtained by adjusting the surface site density in order to reproduce the experimental deposition rate values. For Γ = 5.0 × 10 −10 the calculated nanotube growth rate was 8.3 μm/h. We checked the influence of the substrate temperature by varying it from 873 K to 1273 K and confirmed that increasing the temperature leads to increasing of the nanotubes growth rate from 0.5 to 45 μm/h. To calculate the activation energy of the surface reactions, we plotted the logarithm of the calculated nanotubes growth rates against 10,000/T sub where T sub is the temperature of the substrate (Figure 12) . The plotted points follow an Arrhenius type law that allows us to calculate activation energy of 1.2 kJ/mol. 
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Conclusions
In this work, we have successfully grown multi-walled carbon nanotubes on Ni/Si substrates using a combination of two methods: 1) thermionic vacuum arc (TVA) to catalyst 1 nm ultra-thin films deposition and 2) microwave plasma PECVD with a mixture of methane and hydrogen to CNT's growth. By using an experimental factor plan, substrate temperature and plasma power density were observed to significantly influence nanotube growth. Substrate temperature affects carbon diffusion into the catalyst particle while plasma power controls the atomic hydrogen in the plasma. Based on SEM observations, higher substrate temperature and lower hydrogen atom concentration are favorable to nanotube growth. In addition, a limited fraction of oxygen added to the plasma enhances the catalytic activity improving nanotube growth. Further work is underway in order to explore the number of walls and alignment of the CNTs by controlling the catalyst size. Plasma reactor simulation results confirmed these experimental trends. Hydrocarbon species such as C 2 H 2 , CH 3 and C are likely to be key deposition species influencing CNT growth rate. The reaction mechanism used in these simulations will be improved to further confirm these preliminary results.
